I. INTRODUCTION

D
UE to recent advances in 3-D vascular imaging technology, high-resolution and high-contrast 3-D vascular images are now obtainable. Vessel quantification or the process of analyzing 3-D vascular images and extracting meaningful parameters has thereby become feasible for clinical applications. For example, quantification of the length and/or distal diameters of a blood vessel is crucial to predict the optimal size of a stent-graft for endovascular treatment procedures [1] .
Segmentation of the vessel boundary is an important step for quantification, and numerous algorithms have been developed for accurate and reliable segmentation [2] - [5] . In addition to the segmented vessel borders, extraction of vessel centerline also plays an important role in clinical applications. The vessel centerline, which is considered as the axis of a tubular structure, can be used to quantify the length and facilitate extraction of distal diameters of an abnormal vessel [6] . Hence, the centerline may be used to predict stent-graft size for vessel treatment. It is known that appropriate selection of stent-graft diameter and length is a key factor in minimizing complications after endovascular repair [6] . If the size of the stent-graft is not accurately determined, there is risk of kinks, folding, or endoleaking.
A simple method for creation of vessel centerline is done by manually selecting several center points on the screen and interpolating them [7] . However, an automated method is preferable, because it is difficult to manually localize accurate center positions of a 3-D vessel lumen, especially in the vicinity of a highly curved vessel that is clinically important [8] , [9] . Meanwhile, it has been reported that even if an accurate centerline is obtained, it may not be appropriate for quantitative measurement of the length and diameters of an abnormal vessel segment [1] . Fig. 1 illustrates that the centerline-based length estimation scheme works well for vessels of a symmetric shape with aneurysms or stenoses. However, for asymmetric-shaped abnormal vessels in Fig. 2 , lengths are overestimated due to high local curvatures, and the distal diameters might be inaccurately determined due to incorrect location of the vessel centerline near such abnormal regions. To alleviate incorrect local curvatures at the abnormal region, a smoothening process needs to be applied to the corresponding vessel centerline. For smoothening a centerline, a low-pass-filter may be applied to the coordinate indexes of each 0278-0062/$25.00 © 2009 IEEE axis. Fig. 3 shows different smoothening results depending on the cutoff frequency value. Note that in the rightmost column of the figure the centerline is properly smoothened for the straight vessel shown in Fig. 3(a) , while that of the curved vessel in Fig. 3(b) is improperly smoothened. These results show that an optimal cutoff frequency value may not exist in this global smoothing approach. Therefore, an adaptive local smoothing technique should be adopted to selectively suppress invalid local curvatures while maintaining the global curvature of the vessel.
An active B-spline model has also been used to find a central vessel axis [5] , [10] . In this method, an external energy functional is defined by using a multiscale Hessian-based discriminant function and is minimized at the center of the tubelike-structure. Hence, an accurate centerline is obtainable for a normal region with a tube-like vessel structure. However, incorrect local curvature may still appear in the obtained centerline in the case of an abnormal region with a complicated structure.
Another active model based method, referred to as Wong and Chung's method in the paper, has been proposed to detach abnormal regions from a segmented vessel [11] . In their method, the initial axis of the tube model is set to the original centerline of a vessel segment, as shown in Fig. 4(a) . Two center points and the corresponding cross-sectional radii are selected at both ends of the model, and the remaining radii are calculated along the centerline via linear interpolation. The model is then deformed such that its boundary is precisely registered onto only the vessel boundaries of normal region. As a result, the circular cross-sectional tube is registered with the segmented vessel. The registered tube model is then refined by a subsequent surface matching process so as to virtually generate an abnormality-free vessel. The axis of the extracted normal vessel can be considered as a smoothened centerline. Fig. 4(b) illustrates how the method allows the axis of the registered model to converge to the smoothened centerline by alleviating incorrect local curvatures of the vessel while maintaining its global curvature. The registered model can be considered as a representation of the normal vessel prior to the development of abnormal structures. The registration result in Fig. 5 illustrates the detachment of an aneurysmal section by subtracting the registered model, or the normal vessel, from the vessel region with the aneurysm. Thereby, the volume of the aneurysmal section can be easily quantified. This quantity is useful information for endovascular treatment planning, because it helps radiologists estimate the size of the coil to be inserted into the aneurysmal volume [12] , [13] . In spite of the promising results described above, the tube registration process in Wong and Chung's method can produce large errors in a highly curved vessel (this is described in further detail in Section III) even with accurate selection of the parameters at both ends of the model. Such registration errors may not be easily compensated by the following surface matching process.
In a previous work, we dealt with centerline deformation in the 2-D domain by introducing the concept of a region-based external energy functional and a complementary geodesic distance field for obtaining reliable cross sections [14] , [18] . In this paper, extending this prior work to the 3-D domain, we propose a centerline deformation method using a novel region-based active tube model that can provide accurate and robust performance in vessel quantification. The remainder of this paper is organized as follows. Section II describes the proposed method and compares it with an existing method. First, a novel region classification method required for using the region-based active tube model is described. A centerline-deformation algorithm that uses the region-based model is then proposed. The purpose of this step is to alleviate incorrect local curvatures from the original centerline. In Section III, extensive simulation results are presented for a 3-D mathematical phantom as well as various clinical datasets in order to verify the effectiveness of the proposed algorithm. Finally, we conclude this paper in Section IV.
II. METHOD
An overall diagram of the proposed algorithm is shown in Fig. 6 . The algorithm starts with two manually selected points, and , near the center of the vessel lumen followed by the automatic segmentation process to extract vessel lumen from the background. More specifically, an initial region is obtained by applying a region growing algorithm starting from a seed point until is reached. The intersection of regions and with a marginal width as a region of interest (ROI) is then selected, and fine segmentation on the ROI is subsequently performed to obtain an accurate vessel lumen. Note that the segmented vessel lumen can be up-sampled for later procedures, if its resolution is not sufficient. After segmentation, segmented voxels are classified into three different regions (the detailed procedure for classification is described in Section II-A). A tube model is then registered onto the segmented vessel by referring to the classified regions. Voxel-based region information is obtained to compute region-adaptive energy functionals. Once the registration process is completed, the axis of the registered tube model can be considered as a smoothened centerline.
The proposed algorithm is similar to Wong and Chung's method in certain aspects, including the use of an abnormality-free active tube model and considering the registered tube model as the original normal vessel prior to the development of abnormal structures. The major difference between the two methods is that the proposed method consists of region classification and centerline deformation (or tube model registration) while Wong and Chung's method consists of tube model registration without region classification followed by surface matching.
In the proposed algorithm, the region type is reliably classified by using a cross-sectional-based approach with a newly defined distance field. This classification prior to tube model registration makes region-based model registration possible. The region-based registration has a couple of advantages compared to registration without classification. First, the region-based scheme makes tube model registration more robust with respect to a complex shape, e.g., a highly curved part. Second, the scheme increases the accuracy of tube model registration by allowing a more flexible tube model having variable radii and center points at both ends. Due to the advantages above, the proposed method does not need an extra refinement step such as surface matching, as employed in Wong and Chung's method. The advantages will be further discussed and verified in Section III.
In Sections II-A and II-B, we describe the proposed region classification and region-based centerline deformation procedures, which are illustrated in Fig. 6 .
A. Region Classification
Prior to region-based tube model registration, the segmented vessel is divided into several regions, each of which is classified into one of three types: normal, stenotic, or aneurysmal. For classification, two approaches may be considered, namely, shape-based and cross-sectional-based approaches. The shapebased approach relies on a priori shape information for recognizing the region type. The primary difficulty in this approach is in accommodating numerous irregular patterns and the wide range of size variation of abnormal regions. Hence, the crosssectional based approach is adopted in our present work. Unlike the shape-based approach, this approach classifies regions by examining cross-sectional areas or the diameters. Specifically, if cross-sectional areas are uniformly distributed over a certain range, the corresponding region is classified as normal. If the area is smaller (or larger) than that of neighboring normal regions, it is classified as stenotic (or aneurysmal).
Generally, cross sections can be generated by cutting a vessel lumen with a plane perpendicular to the centerline. This method, however, has several drawbacks. First, cross sections cannot be uniquely determined, because the centerline is not uniquely determined [8] , [15] - [17] . Second, cross-sectional areas may result in inaccurate classification of an abnormal region, because the irregular geometry of the region causes local fluctuations in the centerline. Fig. 7 shows cross sections obtained from a vessel having a stenosis or an aneurysm. The figure shows that local fluctuation drastically changes the direction of the cross section [1] . Finally, a cross section may intersect a number of other cross sections at a region of high curvature. This is related to incorrect overestimation of a cross-sectional area or its diameter. Fig. 8 (a) shows that this problem can occur even for a normal vessel. To overcome the drawback of cross-sectional-based approach, a novel method based on a geodesic distance field is proposed.
1) Complementary Geodesic Distance Field:
To determine the correct contour of each cross section, the scalar field in terms of the complementary geodesic distance field (CGDF) is adopted, which is defined for all points in the segmented vessel [18] . Thereby, it is not necessary to use a centerline, which leads to the problems described above.
Definition: Assume that two seed points, and , are given in the distal region of a vessel. Based on the seeds, the CGDF is defined using the geodesic distance field for each point in the segmented vessel.
is defined as the minimum length of possible paths between seed point and point . Here, we assume all the points on the path reside inside the vessel. Fig. 9 clarifies the difference between the geodesic and Euclidean distances. Similarly, can also be obtained. Since the geodesic distance field is continuous and monotonically increases along the radial direction from , points having the same geodesic distance constitute a plane, as shown in Fig. 10(a) and (b) . Moreover, it is guaranteed that these equidistant planes are not mutually intersected, because is monotonic. Hence, the equidistant planes on the field can be regarded as a wave propagating from along the radial direction or cross sections. It is shown in Fig. 10 that the GDF has piecewise linear planes rather than smooth equidistant planes. This is because the computation time is reduced by adopting the 3-4-5 integer distance metric, which approximates the Euclidean metric using local distances 3, 4, and 5 for face-, edge-, and point-neighbors [19] . However, the effect of this approximation on the classification result is practically negligible. Fig. 10(a) shows that the wave propagates along the centerline. However, the GDF causes several problems. First, the shapes of equidistant planes of are quite different from those of . In other words, the shapes of waves vary depending on the seed selection (or the propagating direction). Therefore, the GDF cannot provide unique cross sections. Second, equidistant planes have a circular shape rather than a linear shape, even for a straight region, as shown in Fig. 10(a) . Furthermore, they are significantly distorted in regions of high curvature, as shown in Fig. 10(b) . To relieve these problems, we introduce a new scalar field, the CGDF, defined as follows: (1) For practical implementation of the GDF, we adopt the Dijkstra's shortest path algorithm using a graph-based dynamic programming technique [20] . Thereby, the CGDF computation time accounts for only a relatively small portion of the whole computation time.
Properties: The CGDF has the following desirable properties in determining cross sections that are useful for region classification.
• Uniqueness: Contrary to the centerline, the GDF is uniquely defined according to the definition in Section II-A-I-A. Accordingly, the CGDF is also uniquely determined.
• Invariance to shift/scaling/rotation: Even though a segmented region is shifted and/or rotated, the wave pattern is immutable, because the geodesic distance is invariant to a rigid transformation. Furthermore, if the relative position of two seeds is the same, the wave pattern will be invariant to a scale change. Owing to this property, the obtained cross sections are invariant to shifting, rotation, or scaling of the segmented region.
• Continuity: Since the GDF is a continuous field, the CGDF is also continuous.
• Monotonicity: Since both and monotonically increase from A to B, respectively, is also monotonic. Because of continuity and monotonicity, points having the same CGDF value constitute an isolated region. Therefore, equidistant planes do not intersect, even in a highly curved section, as shown in Fig. 10 (c) and (d).
• Symmetricity: It was noted in Section II-A-I-A that a wave in or has asymmetric shape. Contrary to the GDF, the CGDF is symmetric, because and have the same magnitude with the opposite sign.
• Quasi-linearity: Based on (1), the wave corresponding to CGDF is considered as the sum of two propagating waves of opposite directions. In a straight region, since the two circular shaped waves of the GDF propagate along opposite directions, the combined wave becomes fairly linear and propagates along a centerline, as in Fig. 10(c) .
In a curved region, even though the waves obtained from and have incorrect nonlinear shapes at the corner area, their similar but opposite patterns are combined into a symmetric and nearly linear configuration in the combined wave [see Fig. 10(b) and (d) ]. Accordingly, equidistant planes in the CGDF are fairly linear and become good cross sections.
• Robustness to the local variance of geometry: As aforementioned, cross sections determined by a centerline-based method are highly sensitive to local variation of the centerline, particularly for an abnormal vessel such as an eccentric stenosis or saccular aneurysm, which has an asymmetric structure. This is because the centerline represents the vessel shape in detail. On the contrary, the GDF or CGDF is insensitive to local variation, because the geodesic distance is mainly affected by the global shape rather than the local shape. Fig. 11 compares cross-sections determined by the centerline-based and CGDF-based methods. Fig. 11(b) -(e), (g), and (h) show that the CGDF is robust to variation of local shapes. It should also be noted, as indicated in Fig. 11(i) , that the CGDF is insensitive, even to rough surfaces. Cross-Section Generation: In order to extract equidistant planes for a given CGDF, the desired plane thickness is assumed to be one voxel. Unfortunately, equidistant points, which have a geodesic distance within a limited range of , may not compose a plane of 1-pixel-thickness even with careful adjustment of . Furthermore, the detected equidistant points are often disconnected due to the coarse grid resolution. To obtain approximated equidistant planes having 1-pixel thickness, we perform the following steps.
Step 1) Set a variable , where denotes the value of the CGDF at seed point .
Step 2) Determine a plane that consists of all points satisfying both conditions, and . Here, denotes the CGDF value of point , and denotes the maximum value among the CGDF values of the neighboring points of .
Step 3) Set to , where denotes the distance between consecutive equidistant planes.
Step 4) If , go to Step 2. Otherwise, stop.
2) Decision of Region Type:
The decision procedure of the region type of a voxel is briefly summarized in Fig. 12 . The function of each block in the figure is described in the following.
Step 1) Radius Profiling: Applying the procedure described in Section II-A-I-C, obtain the profile of cross-sectional radii corresponding to equidistant sections with a uniform distance interval. For a given area, the corresponding radius is obtained as .
Step 2) Flat Region Selection: Detect flat points among the radius profile through a simple flatness test with a virtual line segment. For a given virtual line segment of a certain length , a set of consecutive points are determined to be "flat" if the difference between the radius of any point and the corresponding value at a virtual line segment is smaller than and the absolute slope of the virtual line is smaller than . If not, the points are designated as "unclassified" and will be examined further in the next step. Here, and denote the maximum line approximation error and maximum angle, respectively (refer to Fig. 13 ). In the test, we set to , to , and to 2.5 using the average radius .
Step 3) Outlier Rejection: Determine a virtual line connecting two distal flat points. Then, designate a flat point as "normal" if the radius of the point differs from that of the corresponding point on by less than . Otherwise, designate the point as "unclassified." This rule is based on the assumption that the distal region has a normal shape.
Step 4) Reference Profile Generation: A reference profile that consists of radius values is generated at "normal" points and linearly interpolated values at "unclassified" points.
Step 5) Region-Type Decision: The type of "unclassified" points are determined by comparing their original radius values with the values of their corresponding reference profile. If the former is larger, those points are designated as being aneurysmal, otherwise, stenotic. Accordingly, the type of voxel is determined by the type of the corresponding point in the radius profile. 
B. Centerline Deformation via a Region-Based Active Tube Model
To smoothen (or deform) the centerline, we propose an active tube model based on region-adaptive energy functionals. The initial axis of the active tube model is set to the original centerline, and is then moved and deformed so that the tube boundary will precisely align (or register) onto the vessel boundary in the normal region.
1) Active Tube Model:
The proposed region-based model utilizes a typical active tube model that is defined by its axis and the radii along the axis. The axis is represented by a B-spline curve, a piecewise polynomial function that provides a local approximation of a contour by using several control points. Let be a fixed value representing the number of interpolated points between two neighboring control points. Then, for given control points, points are constructed for the axis. A 3-D tube volume is then made by appending all spheres that are centered at constructed points. The radius of each sphere is determined by linear interpolation of and , which denote the radii at two distal points, respectively. In summary, the total number of parameters for a 3-D tube model is . It should be noted here that intervals between centers of two consecutive spheres may not be uniform, because control points freely move to optimal positions during the registration process. This nonuniformity of the interval between control points allows us to represent not only the first-order linear variation but also the higher-order or nonlinear variation of the radius. This is desirable for real blood vessels, whose thickness does not always vary linearly, even in normal regions.
A 3-D active tube model is a tubular-shaped object that evolves from an initial model towards the boundary of an object, by minimizing the predefined energy. Energy consists of three energy terms, namely (2) where , , and denote the internal energy, external energy, and constraint energy, respectively. Also, , , and denote the corresponding weighting parameters. Internal energy is defined as the energy associated with inherent characteristics of the model. It consists of two terms: the elastic energy and bending energy. Elastic energy forces the model to shrink. In other words, it discourages stretching by introducing tension, and is usually expressed as (3) Here, where represents the axis of the tube model and denotes the elasticity of the tube model. Bending energy makes the model behave like a thin metal strip and is expressed as (4) where denotes the stiffness of the tube model and . Unlike the internal energy, the external energy represents the dissimilarity between the model and a binary image; it thereby forces the model to match with the image structure. This energy is described in detail in the following section. Constraint energy prevents the model from having a physically impossible topology, such as unrealistic twisting or penetration. This is represented as (5) where denotes the radius of the th center point on the axis, denotes the Euclidean distance between the th and th center points, and denotes the geodesic distance on the centerline between the th and th center points. Cases where two arbitrarily selected center points have a sufficiently long geodesic distance (or ) but a very short Euclidean distance (or ) can be considered as unrealistic vessel twisting or penetration. Consequently, is significantly increased for those two points so as to prevent such unrealistic situations.
Energy minimization is a process to find the optimal parameters. For successful minimization, it is crucial to preset proper initial parameters that are located near the globally-optimal parameters. In the proposed algorithm, initial control points are selected by extracting equidistant centers on the original centerline, and initial radius parameters are selected by estimating the radii of the cross-sectional areas at the distal points on the original centerline.
2) Region-Adaptive Energy Functionals: As aforementioned, the tube model should be exactly registered to the boundaries of normal regions, but not to those of abnormal regions. Hence, it is straightforward to define the external energy for normal regions, whereas careful attention should be paid to abnormal regions [14] . To accomplish appropriate registration over all the regions, the external energy is defined so as to satisfy the following conditions according to the region type. For normal regions, boundaries of the tube and vessel lumen must be accurately aligned. Therefore, the volume difference can be used as the external energy. Meanwhile, all the stenotic regions should be included in the tube model, while exact alignment between boundaries is not necessary. This condition is related to the clinical characterization of stenosis as a thickened artery wall and a narrowed lumen. On the contrary, in aneurysmal regions, the whole region of the tube model should be included in the vessel lumen. This is because aneurysms are characterized by an increase of the size of the vessel lumen. Finally, bifurcating branch vessels are regarded as aneurysmal regions. Thus, we use the same rule for bifurcating branches.
To satisfy all the conditions described above, the region-adaptive energy functionals are defined as follows:
if the region is a normal type if the region is a stenotic type if the region is an aneurysmal type (6)
Here, , , and denote the areas of a segmented vessel, a model candidate, and the background, respectively. denotes the volume of a model candidate. and denote the complement of set and the number of voxel elements of among the elements of , , and are constant values, and and are determined according to the region type.
The external energy term is described graphically in Fig. 15 for ease of understanding. As in the external energy, the elasticity and stiffness coefficients in the internal energy term are also determined differently according to the region type, as expressed in (7) . This determination can be explained as follows. In normal regions, the active tube model should be mainly governed by the external energy rather than the internal energy, because strong internal energy may hinder precise alignment with the vessel boundary. On the contrary, in stenotic or aneurysmal regions, a model candidate having a certain external energy may not be unique, as shown in Fig. 16 . Hence, the internal energy plays an important role in selecting the optimum tube model for abnormal regions.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A synthesized phantom image is generated to allow linear variation of diameters and the regional characteristics of aneurysmal, stenotic, and normal regions. To demonstrate the clinical validity of the proposed algorithm, we also use eight angiogram datasets acquired from patients by a 3-D rotational digital subtraction angiography (DSA).
The proposed region classification algorithm is tested with clinical datasets. The obtained region types are represented in Fig. 17 with gray-coded surfaces on the segmented vessel lumen. From the results, it is found that stenotic regions coexist with aneurysmal regions in some cases. For example, a moderate aneurysm is detected in vessels with a serious stenosis, as shown in Fig. 17(a) and (c) . The opposite cases are also shown in Fig. 17(e) , (g), and (h). Note that bifurcating vessels are classified as aneurysmal regions due to the property of the CGDF; this is desirable because bifurcating vessels should be ignored in the registration process. Even though there is no misclassification case in Fig. 17 , region misclassification may occur in the following two cases. First, due to inaccurate estimation of a radius profile, vessel radii can be overestimated around two seed points where cross sections are distorted. This problem can be alleviated by assigning seed points sufficiently far from a vessel region to be classified. Second, even with accurate radius estimation, a small stenosis or aneurysm may be misclassified as a normal region. However, the effect of this misclassification on the following model registration step is not significant, since the external energy due to the misclassified region accounts for only a small portion of the overall internal and external energy of the desired model shape.
Based on the classification results, the region-based active tube model is applied to a 3-D synthesized phantom and eight patient datasets. The algorithm parameters are selected empirically to provide satisfactory results for various datasets; namely, , , , , , , , and (see Section II-B-II). All the parameter values can be fixed regardless of the image type, since they are applied after vessel segmentation. Note here that, in order to alleviate the effect of the constraint energy term compared with the internal and external energy terms in an ordinary (or plausible) case, is set to be very small. However, the weighted constraint energy term is still sufficiently dominant in implausible cases so that implausible tube model geometry can be avoided. As noted in Section II-B, the tube model is initialized by using a centerline and distal radii determined on the basis of the corresponding cross-sections. Since a vessel is already segmented, an algorithm to extract a centerline from the segmented vessel is used [17] . The downhill simplex method is employed for optimizing the model parameters.
A 3-D phantom and its registration results using an initial tube model are shown in Fig. 18 . To synthesize a vessel segment, we first generate an abnormality-free tubelike volume with a sine-curved axis and different radii of 5 and 10 at both ends. The volume is then modified by adding aneurysmal and stenotic regions, as shown in Fig. 18(a) . Starting from an initial tube model given in Fig. 18(b) , we try to register the tube model onto the synthesized segment with various methods. Fig. 18(c) shows the result obtained using a nonadaptive method in which the volume difference is employed as the external energy. The method pushes the model towards the boundary of the aneurysmal region. Simultaneously, it forces thickening of the model in order to include more vessel area, which is undesirable for quantification. The result shown in Fig. 18(d) is obtained using Wong and Chung's nonadaptive tube registration method based on their energy functional. The method minimizes the nonvessel area in the tube model with fixed radii at its both ends that correspond to local vessel widths. Therefore, the energy term can be minimized even though the model does not include a stenotic region. This is because the mismatched parts of a stenotic region cannot contribute to the energy term if they are outside the tube model. As a result, as shown in the figure, the method may miss some parts of a stenotic region in a highly curved vessel. In order to evaluate how Wong and Chung's energy functional works if the radii at both ends are made flexible as in the proposed method, another registration experiment is performed. The result is shown in Fig. 18(e) . In this case, the energy functional forces the model to shrink improperly, since a mismatched area inside the model should be minimized even in a stenotic region. On the contrary, the proposed method in Fig. 18(f) prevents the model from shrinking and also provides robust registration for highly curved parts. This is due to the region-adaptive external energy functional, through which the mismatched area outside the model can be minimized for a stenotic (or normal) region while ignoring the mismatched area outside the model for an aneurysmal region. In summary, the proposed regionadaptive tube model registration method provides a more accurate and robust result than nonadaptive methods in which region adaptiveness is not considered in the external energy. Note here that we did not apply Wong and Chung's nonrigid surface matching step for the results in Fig. 18(d) and (e), since it is not meaningful for a synthetic tube phantom.
In Table I , we compare the quantitative performance of the two tube registration methods, namely, the proposed regionadaptive method and a nonadaptive method using Wong and Chung's energy functional, using the synthesized vessel given in Fig. 18(a) . For the experiment, we generate and use five different initial models by increasing or decreasing the radii at both ends. Note that initial model 3 is the ground truth. For comparison, three measures are adopted, the centerline deviation, centerline length error, and radius errors between the synthesized vessel and the registered 3-D model. Note here that the measures are taken for the range between points and in Fig. 18(a) , which minimally covers abnormal regions. Results in Table I show that, by allowing a tube model with higher flexibility, the proposed method provides more accurate model registration even with an initial tube model having significantly overestimated or underestimated radii at both ends. Fig. 19 shows the results of the proposed algorithm for eight patient datasets. As shown in Fig. 19(a) , (c), and (d), irregular curvatures on the original centerlines are appropriately smoothened in stenotic regions, and at the same time the smoothened centerline faithfully represents the centers of the vessel boundaries in normal regions. Fig. 19(e) and (f) show that the original centerline excessively winds in the region with a wide-neck aneurysm. However, the algorithm properly smoothens the centerline and yields a short and moderately curved axis, which provides accurate information for a clinician to select an appropriate sized stent. Note that the length of the smoothened centerline is 20%-30% shorter than that of the original centerline (refer to Fig. 20) . Meanwhile, it can be seen in Fig. 19(b) , (g), and (h) that the original centerline in a narrow-neck aneurysm is hardly changed by smoothening, which is also desirable.
Since the registered tube model aligns to normal regions in an abnormal vessel, the model can be considered to be an abnormality-free vessel. Thus, if a segmented vessel includes aneurysms, the aneurysmal regions can be separated by subtracting the registered model from the vessel (see some examples in Fig. 21 ). Note that the aneurysmal volume can be easily measured and then used to plan a coiling treatment procedure in endovascular surgery. Based on the experimental results in Fig. 21 , it is seen that the proposed method successfully separates aneurysmal volumes by using the registered tube models obtained in Fig. 19 , without an additional complicated surface matching procedure for refining the tube model registration result.
The proposed algorithm is implemented in C++ on a PC with an AMD Athlon 64 X2 CPU. It is found that the execution time is within one minute for all the clinical datasets, a range considered feasible for medical applications.
IV. CONCLUSION
The length of an abnormal region and its distal diameters are important information for endovascular treatment planning. The conventional centerline-based measurement often produces inaccurate clinical information due to local curvatures on the centerline around complex-structured abnormal regions. A novel method was proposed to effectively overcome the problem of incorrect local curvatures from the centerline via introduction of a region-based active tube model. The region classification is based on a novel method for generating cross sections and it is efficient to compute. The cross sections have desirable properties such as uniqueness, invariance to shift/scaling/rotation, continuity, monotonicity, symmetricity, quasi-linearity, and robustness to local variance of geometrical shape.
The proposed algorithm is successfully applied to 3-D synthesized phantoms and clinical datasets, and its usefulness for medical applications is demonstrated. It is shown that the algorithm can provide the length and cross-section diameter of a virtual stent corresponding to an abnormal (stenotic or aneurysmal) region. It should be noted that the proposed algorithm properly smoothens the centerline. As a result, the length of the centerline becomes 20%-30% shorter than that of the original. It is also noted that, compared to the energy functionals in the previous algorithm [11] , the proposed energy functionals provide more accurate tube model registration, even with an initial tube model having significantly overestimated or underestimated radii at both ends. This is accomplished by allowing a tube model with higher flexibility.
We also demonstrate that aneurysmal regions can be accurately separated on the basis of the active tube model. Even though we did not provide quantitative measures of the volume size and/or neck size of an aneurysm, they can be easily obtained from a separated aneurysmal region, when needed for planning a vascular surgery [11] , [21] .
